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ABSTRACT: We have produced passivating coatings on 80-
nm aluminum particles by plasma-enhanced chemical vapor
deposition (PECVD). Three organic precursorsisopropyl
alcohol, toluene, and perfluorodecalinwere used to fabricate
thin films with thicknesses ranging from 5 nm to 30 nm. The
coated samples and one untreated sample were exposed to 85%
humidity at 25 °C for two months, and the active Al content
was determined by thermogravimetric analysis (TGA) in the
presence of oxygen. The results were compared with an
uncoated sample stored in a glovebox under argon for the same
period. We find that all three coatings provide protection against humidity, compared to the control, and their efficacy ranks in
the following order: isopropyl alcohol < toluene < perfluorodecalin. This order also correlates with increasing water contact angle
of the three solid coatings. The amount of heat released in the oxidation, measured by differential scanning calorimetry (DSC),
was found to increase in the same order. Perfluorodecalin resulted in providing the best protection, and it produced the
maximum enthalpy of combustion, ΔH = 4.65 kJ/g. This value is higher than that of uncoated aluminum stored in the glovebox,
indicating that the coatings promote more complete oxidation of the core. Overall, we conclude that the plasma polymer coatings
of this study are suitable passivating thin film for aluminum nanoparticles by providing protection against oxidation while
facilitating the complete oxidation of the metallic core at elevated temperature.
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1. INTRODUCTION

High-performance energetic materials (e.g., explosives, rocket
fuels) are designed to store large amounts of chemical energy
with the ability to release it instantly on demand. Metal
particles are prime candidates as additives to energetic
materials, because they oxidize readily and release large
amounts of heat.1−3 Aluminum particles are currently being
used in solid rocket booster fuels,4 but a major drawback is
their low rate of energy release, compared to other carbon-
based energetic compounds, e.g., TNT, HMX, and RDX.5

Several approaches have been developed to overcome this
limitation and improve the rate of oxidation.6 One strategy is to
utilize very fine particles (<100 nm in size).1,6−8 In addition to
exhibiting higher rate of oxidation, small particles oxidize more
completely, unlike micrometer-sized particles, whose oxidation
is eventually arrested by the formation of a thick oxide layer.9

This layer offers natural protection of the inner metallic
core10−12 but also adds dead weight. For particles in the
nanometer range, this can be a serious problem. For example,
for a particle 40 nm in diameter, the oxide layer (typically ∼4
nm) occupies 50% of the total mass of the nanoparticle. This
has led to various other methods to passivate the particle
surface to protect against oxidation or other contamination of
the metal.13−15

The ideal coating should enhance nanoparticle properties. It
should protect the metal from oxidation and other contami-
nation and increase the rate of energy release at elevated
temperatures. Noble metals and metal oxides5,16 have been
shown to provide protection for the aluminum core, as well as
enhanced energy content, because of intermetallic reactions
between the coatings and the core.10 Boron has been used to
stabilize aluminum propellants17,18 by providing desirable
surface characteristics, such as high corrosion resistance.17,19

Carbon offers similar protection at low temperature and is
stable at elevated temperatures.20 More elaborate surface
modifications involve in situ surface functionalization of freshly
synthesized (oxide-free) aluminum nanoparticles using com-
pounds , such as perfluoroa lky l carboxy l ic ac ids
(C13F27COOH), formic acid, and aldehydes.

21−24 Some organic
materials have been also used to stabilize aluminum nano-
particles, including waxes, ethanol, and fluoropolymer,17 but the
coatings were found to be permeable to oxygen and thus
lacking in their capacity to provide passivation. Here, we report
on a different approach that utilizes plasma-enhanced chemical
vapor deposition (PECVD) to produce a surface coating of
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controllable thickness that provides superior passivation against
environmental oxygen and moisture during storage but also
enhances the energetic content of the particles.
Plasma-deposited solids have unique properties that are

especially advantageous as passivating barriers for nano-
energetic materials. Most notably, plasma polymers produce
hydrophobic surfaces.25−28 Hydrophobicity adds a chemical
interaction to the physical barrier, which alone cannot provide
satisfactory protection against moisture.17,29 Plasma deposited
solids are chemically inert and thermally stable up to 250
°C.30,31 They contain elements of their precursor molecules,
typically carbon, oxygen, and fluorine.32−35 These elements
oxidize readily under combustion conditions, thereby exposing
the aluminum core, and they may also contribute to the overall
enthalpy of reaction.25 As a dry gas-phase process, plasma offers
a further advantage of a well-controlled environment. Unlike
liquid phase processing, which exposes particles to a complex
reaction medium and requires drying and additional separation
steps to recover the particles, plasma reaction occurs in an inert
environment. The deposition process is flexible and can be
applied to any solid substrate, including metallic36 and non-
metallic materials.37−40 A broad choice of organic precursors
may be used, including hydrocarbons, alcohols, and fluo-
rocarbons, which offers a degree of flexibility in controlling the
interfacial properties of the film.41 Finally, the process provides
very good control of the thickness of the coatings, which is a
linear function of the deposition time.39

2. MATERIALS AND METHODS
Aluminum nanoparticles (99.9+%, 80 nm) with particle
diameters in the narrow range of 80−100 nm were purchased
from Nanostructured and Amorphous Materials, Inc. Nano-
particles were incubated in a desiccator under an inert
atmosphere. They were transferred from their original contain-
er into small vials and stored in a glovebox under argon until
time to use. Three organic precursors were used in this study:
isopropyl alcohol (IPA 99.5% obtained from VWR), toluene
(EMD chemicals), and perfluorodecalin (PFD 99% VWR).
The setup for the deposition process is shown in Figure 1. It

consists of four main systems: the precursor delivery system; a

tubular reactor, where the deposition process takes place;
vacuum pumps, with the associated pressure controllers; and a
radio frequency (RF) generator equipped with a matching box.
Prior to the deposition process, 10 mL of the organic precursor
was measured and poured into a glass flask connected to the
reactor via a vacuum pipe. The temperature of this flask was
maintained constant at 35 °C for isopropyl alcohol and

perfluorodecalin, and at 45 °C for toluene. The glass flask is a
bubbler for vapor delivery, with one inlet connected to an argon
gas cylinder equipped with a gas flow controller. Argon at a
constant flow rate (6 sccm) is mixed in the bubbler with
organic vapor (0.5 sccm) and is led into the reactor.
Immediately before connecting the reactor to the pump, the
aluminum nanoparticles are transferred to the reactor using a
metallic spatula. To promote uniform exposure of particles to
the plasma, a small magnetic stirrer is placed inside the glass
reactor that shakes particles during the reaction. The tubular
glass tube is connected to the pump with a vacuum pipe
connected to the tube with an O-ring and a clamp. After
tightening the clamp, the check valve between the pump and
the reactor is gradually opened to begin evacuation. When the
reactor pressure reaches 200 mTorr, the RF power is turned on.
The plasma is formed by two external electrodes, separated 1
in. from each other, one of which is connected to the RF source
while the other is grounded. The plasma is operated at 30 W
when IPA or PFD are the precursors, and at 40 W when
toluene is used. The power is higher when toluene is used to
avoid the formation of particles, which tend to form at lower
power.31 During deposition, a small magnetic plate is placed
underneath the reactor and is set at 100 rpm to agitate the
nanoparticles. A liquid nitrogen trap with a cool wall is used to
condense any organic vapors escaping the reactor before
entering the pump. At the end of the experiment, particles are
collected from the reactor wall and are placed in the desiccator,
where they are stored for further characterizations.
The thickness of the coating was measured by transmission

electron microscopy (TEM), using a Philips Model (FEI)
EM420T system. The morphology of the coatings and the
effect of exposure to moisture was also studied by field-
emission scanning electron microscopy (FESEM) (Leo, Model
1530). Micrographs of aluminum wafers were collected by
scanning electron microscopy (SEM) (Hitachi, Model S-
3500N) equipped with a diffraction energy microscopy
(EDS). Thermogravimetric analysis (TGA) and differential
scanning calorimetry (DSC) were performed on a TA
Instruments Model SDT 2960 system equipped with a
simultaneous differential scanning calorimetry−thermogravi-
metric analysis (DSC-TGA) system that operates under an air
flow of 40 mL/min.

3. RESULTS AND DISCUSSION
Three precursors were used in this study: isopropyl alcohol
(IPA), perfluorodecalin (PFD), and toluene. TEM micrographs
confirm the formation of smooth solid coatings from all three
precursors. The coatings appear as a lightly shaded layer
surrounding darker particles (Figure 2). It is radially conformal
to the particle and shows good adhesion to the surface. The
thickness of the film is a linear function of time, ∼1 nm/min for
all precursors,30 and provides a means for controlling the
thickness of the coatings. For the samples shown in Figure 2
the deposition time was 30 min for IPA, 10 min for PFD, and 7
min for toluene resulting in 30 ± 5, 10 ± 2, and 7 ± 2 nm
coatings, respectively. In all of the subsequent experiments, the
thickness of the coating is 5 nm.
A unique characteristic of plasma deposition of hydrocarbon-

based solid is the water-repellent properties of the surface.41

Figure 3 shows measurements of the sessile water droplet
contact angle conducted on flat silicon wafers coated by the
three precursors under conditions identical to those for coating
particles. Plasma-polymerized IPA is the most hydrophilic of

Figure 1. Schematic of the plasma deposition process illustrating the
precursor delivery system, vacuum and pressure controllers, glass
reactor, and radio-frequency (RF) generator.
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the three coatings, with a contact angle of 84° ± 2°. As we
reported previously,30 IPA coatings show good affinity for water
and particles coated using this precursor can form stable
aqueous dispersions. Toluene and PFD films are increasingly
more hydrophobic with contact angles of 92° ± 2° and 125°,
respectively. Particles coated with these two materials cannot be
dispersed in water. The water-repelling properties of the
coatings suggest that these materials may offer enhanced
protection to the aluminum surface. As a first test, we examined
the stability of coated aluminum wafers with PFD plasma
polymer against exposure to sodium hydroxide (NaOH). For
these experiments, a drop of 0.5 M NaOH was placed on three
aluminum wafers, one coated with PFD. As a control, an
uncoated wafer also was tested. The native aluminum surface,
shown in Figure 4a, is smooth with some waves and marks that
were formed during the polishing process. After exposure to

NaOH for 5 h, the uncoated surface shows significant damage
(Figure 4b). The PFD-coated surface, on the other hand, shows
no visible damage and its appearance is indistinguishable from
that of the unexposed surface (Figure 4c). These experiments
were repeated three times. SEM images show similar results.
We now proceed to characterize the ability of plasma-

deposited coatings to protect aluminum nanoparticles against a
humid atmosphere. A sample of uncoated aluminum and three
samples of coated nanoparticles with each precursor were kept
in a closed container under 85% relative humidity at 25 ± 5 °C
for two months. As a control, we also examined a sample of
uncoated nanoparticles stored in the glovebox during this
period. These particles are seen in Figure 5a, which reveals

Figure 2. Transmission electron microscopy (TEM) micrographs of
aluminum particles coated with (a) isopropyl alcohol, (b) toluene, and
(c) perfluorodecalin plasma polymer.

Figure 3. Water contact angle measurements of coated silicon wafer
with isopropyl alcohol (IPA), toluene, and perfluorodecalin (PFD).

Figure 4. SEM images of (a) an uncoated aluminum wafer, (b) an
uncoated aluminum wafer exposed to NaOH, and (c) and a coated
aluminum with PFD plasma polymer, which is exposed to NaOH.
Scale bar = 1 μm.

Figure 5. TEM micrographs of aluminum particles that were (a)
transferred from a glovebox to a sealed container, (b) exposed to air
and humidity, and (c) coated with perfluorodecalin (PFD) and were
exposed to humidity and air.
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particles have retain their smooth spherical surface. Uncoated
particles exposed to moisture show visible damage, develop a
rough surface, and lose their spherical shape (see Figure 5b).
PFD-coated particles show no visible damage after exposure
and have the visual appearance of the sample stored in the
glovebox (see Figure 5c). FESEM micrograms show similar
results (see Figure S1 in the Supporting Information).
Energy-dispersive spectroscopy (EDS) provides direct

evidence of oxidation of the metal (Figure 6). The spectrum

of the sample stored in the glovebox shows a strong peak from
aluminum but no oxygen. Oxygen was detected in the uncoated
sample that was exposed to air (Figure 6b). Trace oxygen was
detected in the sample coated with PFD (Figure 6c). We note
that the strong Si signal is due to the silicon wafer on which the
particles were examined.
To measure the aluminum content of different samples, we

performed TGA by heating in air. The sample was oxidized by
slow heating in air and the amount of aluminum was calculated
from the weight gain due to the formation of the oxide.
Therefore, the method gives a direct measure of the aluminum
content of the particles and provides a quantitative measure of
the coating to provide passivation. Other possible gain weight
due to oxinitride and aluminum nitride formation42 may take
place if self-ignition occurs.43 This is avoided by a slow rate of
heating. For these experiments, heating was done according to
the following schedule: 20 °C/min, up until 350 °C; 5 °C/min,
from 350 °C to 600 °C; followed by 20 °C/min, from 600 °C
to 850 °C. The sample was kept at 850 °C for 4 h before
cooling to room temperature to ensure that all of the aluminum
has reacted. The TGA experiments were done three times and
the results are reproducible within ±5% error.
Five samples were analyzed using this method: three coated

samples after exposure to air (isopropyl alcohol (IPA), toluene,
PFD), uncoated aluminum after exposure to air, and uncoated
aluminum stored in the glovebox (control, no exposure to air
beyond that during handling). The thermogravimetric profiles
of these samples are shown in Figure 7. The first weight loss for
all samples is observed immediately upon heating and is
completed at <350 °C (∼20 min). In this temperature range,
the plasma coatings are thermally stable.30,31 The initial weight
loss is due to the evaporation of water and other volatile vapors.
Notably, particles that were kept in glovebox were not exposed
to air and humidity and show the smallest weight loss.
Uncoated exposed particles show the maximum weight loss
during this step (∼20%). The samples coated with IPA,
toluene, and PFD lose 8%, 4.2%, and 4% of their weight,
respectively. All weights are normalized to the weight of the
degassed sampled.

The next change in weight is an increase observed between
350°C to 500°C (∼50 min) and is due to the oxidation of
aluminum. A small weight loss is expected due to the
decomposition of the coatings, but this is clearly overshadowed
by the large weight gain due to the oxidation of aluminum.
Near 500 °C, all the samples reach a plateau for almost 20 min,
because of the buildup of an oxide layer that prevents further
oxidation. Another weight gain is observed at near 650 °C. The
melting point for 100-nm aluminum is reported to be 656 °C;11

accordingly, this gain is attributed to the melting of the Al core,
which facilitates further oxidation. By the end of the experiment
(340 min) the weight gain practically levels off and reaches its
maximum amount. The exposed uncoated sample shows a
weight gain of only 20% weight. The weight gain of the coated
particles are all higher. Coated particles with IPA, toluene, and
PFD show weight increases of 52%, 58%, and 60%, respectively,
indicating increasing degree of protection by the corresponding
coatings.
Notably, all coated samples gained more weight than the

uncoated sample stored in the glovebox. This result is
surprising, because the uncoated sample kept under inert
atmosphere is expected to register at least the same aluminum
content as coated samples that were exposed to humidity. The
weight gain of the glovebox sample is ∼46% and agrees with
similar published studies on bare aluminum nanoparticles.44,45

The results suggest that the oxidation of the uncoated
aluminum is not complete and that the coating contributes to
more-complete oxidation and, thus, higher weight gain.46 To
investigate this possibility further, we studied these samples
using DSC. This method measures the heat flow and
temperature associated with phase transitions or reactions, as
a function of temperature, as shown in Figure 8, and provides
information about physical and chemical changes that involve
endothermic or exothermic processes (see Figure S2 in the
Supporting Information). The coating starts to degrade at
∼250 °C, and the exothermic process due to C−C and C−F
cross-linking is seen in Figure 8a as a small peak.30 A sharp peak
due to exothermic oxidation occurs at ∼520°C for the uncoated
aluminum sample, 541, 542, and 555 °C for toluene-coated,
IPA-coated, and PFD-coated aluminum, respectively (see

Figure 6. Energy-dispersive spectroscopy (EDS) graphs of aluminum
nanoparticles (a) uncoated kept in glovebox, (b) uncoated exposed to
air and humidity, and (c) coated with PFD plasma polymer exposed to
air and humidity.

Figure 7. Thermogravimetric analysis (TGA) graph of coated and
uncoated aluminum placed under 90% relative humidity for one
month.
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Figure 8b). The heat of reaction (ΔH) is determined by
measuring the area of the DSC peak on a time basis, as reported
in Table 1. The coated samples have a higher heat of

combustion than the uncoated samples and are ranked in the
following order: IPA < toluene < PFD, in agreement with the
TGA results. The uncoated sample that was exposed to
humidity has the lowest heat of combustion, and the one stored
in the glovebox has the second lowest enthalpy, 10% lower that
the poorest coating (IPA) and 44% lower than the best (PFD).
The weight gain in TGA correlates fully with the measured
enthalpies and suggests that the coatings indeed promote more-
complete reaction. Others have reported similar effects.47,48

Guo et al.48 coated aluminum nanopowders with hydroxyl-
terminated polybutadiene, stored the particles for 2 years, and
reported a heat of combustion of 3.87 kJ/g, compared to 1.27
kJ/kg for untreated particles. These values are in general
agreement with the results reported here. The advantage in the
plasma process, compared to chemical treatments such as that
of Guo et al.,48 is that, in addition to the flexibility afforded by
the choice of the precursor, we may control the thickness of the

layer and thus optimize the final powder, with respect to the
degree of passivation achieved, the amount of energy released,
and the amount of coating that is added to the fuel.

4. CONCLUSIONS
We have developed a process to passivate aluminum nano-
particle surfaces via a dry state process. We produced 5-nm
coatings on 80-nm aluminum nanoparticles by plasma
deposition of isopropyl alcohol (IPA), toluene, and perfluor-
odecalin (PFD). The coatings provide excellent protection
against contact with NaOH and against two month-long
exposure to high humidity, and they preserve a higher amount
of metallic aluminum, compared to samples stored in inert
atmosphere for the same period of time. The materials are
ranked in the following order: PFD > toluene > IPA. This order
is observed with respect to the contact angle of water; the
amount of metallic aluminum, as determined by TGA; and heat
of reaction, as determined by DSC. Therefore, the performance
of the coatings, with respect to passivation and energy release,
correlates with the measured contact angle. This suggests that a
hydrophobic interaction is important in building a barrier
against humidity. This property can be fine-tuned by proper
selection of the chemical precursor.
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